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ABSTRACT
Due to neutron irradiation, solid breeder blankets are sub-
jected to complex thermo-mechanical conditions. Within one
breeder unit, the ceramic breeder bed is composed of spherical-
shaped lithium orthosilicate pebbles, and as a type of granular
material, it exhibits strong coupling between temperature and
stress fields. In this paper, we study these thermo-mechanical
problems by developing a thermal discrete element method
(Thermal-DEM). This proposed simulation tool models each
individual ceramic pebble as one element and considers grain-
scale thermo-mechanical interactions between elements. A
small section of solid breeder pebble bed in HCPB is mod-
elled using thousands of individual pebbles and subjected to
volumetric heating profiles calculated from neutronics under
ITER-relevant conditions. We consider heat transfer at the
grain-scale between pebbles through both solid-to-solid con-
tacts and the interstitial gas phase, and we calculate stresses
arising from thermal expansion of pebbles. The overall effective
conductivity of the bed depends on the resulting compressive
stress state during the neutronic heating. The thermal-DEM
method proposed in this study provides the access to the grain-
scale information, which is beneficial for HCPB design and
breeder material optimization, and a better understanding of
overall thermo-mechanical responses of the breeder units under
fusion-relevant conditions. 1
Keywords: tritium breeding materials;test blanket
module;discrete element method;thermo-mechanical analy-
sis;neutron heating;granular material.
I. INTRODUCTION
During operations of nuclear fusion breeder reactors,
Helium-Cooled Pebble Beds (HCPB), as a candidate for fusion
blankets,1 are subjected to neutron fluxes to generate tritium to
complete the fuel cycle. Thermo-mechanical conditions inside
the breeder units are crucial for tritium generation and release
rate,2 and the mechanical stability3 of the ceramic breeder ma-
terials, e.g., lithium orthosilicate, Li4SiO4.4 In order to gain
an accurate understanding of the conditions during operations,
thermo-mechanical models and experiments have been carried
out for those materials,5–9 including phenomenological and
grain-scale approaches.
Due to its granular nature, the solid breeder material
exhibits strong thermo-mechanical coupling and heteroge-
neous behaviour. Experimental data6, 7, 10 show a clear strain-
dependent thermal conductivity, which raises questions con-
cerning both the understanding of the underlying physics and
1Fusion Science and Technology, DOI: 10.13182/FST13-727.
the implementation of quantitative engineering analysis by
considering this coupled thermo-mechanical behaviour. In
phenomenological models, this coupling behaviour has been
implemented based on empirical curves for effective thermal
conductivity of ceramic beds from elaborated experimental
measurements. The experimentally obtained effective thermal
conductivity can be expressed as a function of both bed tempera-
ture (T ) and strain (ε), i.e., keff(T, ε).6, 7 However, the empirical
curves and coefficients may vary if different breeder materials,
for instance lithium metatitanate, will be used or simply adopt-
ing different types of pebble size distributions of pebbles. With-
out accessing grain-scale information under operation-relevant
conditions, the thermo-mechanical behaviour of the material
can not be accurately assessed within breeder units.
Combining discrete and continuum approaches preserves
both micro-scale material details and modelling capability at the
system scale. Achieving this requires a multi-scale modelling
scheme for bridging information at two different length scales.
Statistical data can be achieved under given thermo-mechanical
conditions, e.g., the force acting on individual pebbles,11–13 and
the crushing of pebbles.3, 9, 14
To understand the thermo-mechanical coupling in the ma-
terial with a granular form, we propose a numerical method,
i.e., thermal discrete element method (Thermal-DEM12, 15), to
estimate the temperature and stress profiles within the ceramic
breeder material under ITER-relevant conditions. Thermal-
DEM models ceramic breeder pebbles as individual elements
and describes the interactions between neighbouring pebbles,
including not only contact forces but also heat fluxes, via solid-
to-solid contacts and the interstitial gas phase between pebbles.
A typical EU design for breeder units16 and the relevant neu-
tronic heating profile17 have been adopted for the numerical
analysis to demonstrate the feasibility of the proposed method
for the analysis of solid breeder blanket systems. By identi-
fying key parameters that determine the resulting temperature
profiles and stresses, this method can be incorporated for the
design and optimisation of breeder materials in fusion blankets.
II. METHOD
II.A. Thermal Discrete Element Method
To study the heat transfer in pebble bed systems, we use
the thermal discrete element method (Thermal-DEM), which
is based on the conventional DEM18 with one additional de-
gree of freedom for the temperatures of the pebbles, to model
individual pebbles and their thermo-mechanical interactions.
The mechanical interactions between pebbles, which are
modelled as elastic spheres, include the normal and frictional
forces, based on the analytical solution for Hertzian contact.
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Fig. 1. Schematics of the approach: (a) EU design for ITER-
TBM unit adopted from;16 (b) calculated power density of
neutron irradiation during operation from;17 (c) Thermal-DEM
model for two pebbles, with mechanical interaction Fi j, volu-
metric heating Ψi, and heat fluxes φconti j and φ
gap
i j for solid-to-
solid and gap conduction, respectively.
The positions of pebbles are updated according to Newton’s law
of motion with an explicit integration scheme, see more details
in.12 For updating the temperatures of individual pebbles, the
heat conduction between pebbles is described through Fourier’s
law. The thermal conductance between the pebbles consists of
two parts: solid contact conductance, and the gap conductance
through the interstitial gas phase. The inter-granular conduction
is described by the analytical model proposed by,19 including
the combined modes of heat transfer through both contact re-
gions and gap regions. This analytical model considers the
relative thermal conductivity between the solid and gas phases,
as ks/kg, where ks denotes the conductivity of the bulk material
and kg is the gas conductivity. Moreover, the heat generation in-
side each pebble can be calculated by the power spectrum based
on the neutron irradiation profile. This profile is introduced in
Thermal-DEM as a source of volumetric heating.
Combining the heat transfer and heat generation by neutron
irradiation, the rate of temperature change (T˙i) for the i-th
pebble can be updated as
T˙i =
1
micp
(
∑
j
φi j + Ψ
∗Vcelli ) . (1)
Here, mi and cp are the mass of the pebble and the heat capacity
of the bulk material, respectively. The heat flux φi j is calculated
by
φi j = −2pikg(Ti − T j)ReffH(α, β) . (2)
The non-dimensional flux H is based on the relative ther-
mal conductivity, α = ks/kg, and relative contact area, β =
αa/(2Reff), where a is the radius of contact area and Reff =
RiR j(Ri + R j)−1 is the effective radius (more details can be
found in19).
We adopt the volumetric heating profile from the neutron-
ics calculation,17 as Ψ∗ shown in Fig. 1(b). The actual heating
power in each pebble can be scaled based on its local volume
and the power density, as Ψ∗Vcelli , where the cell volume, V
cell
i ,
is obtained using a Voronoi tessellation for individual pebbles,20
shown schematically as the dashed cell in Fig. 1(c). For each
pebble, the scaled heating power density per solid volume is
given by Ψi = Ψ∗Vcelli /V
pebble
i , where V
pebble
i is the solid volume
of the i-th pebble.
Thermo-mechanically coupled behaviours in the grain-
scale model are automatically taken into account through the
thermal expansion of pebbles. Under conditions of neutron
heating, a compressive stress develops in the bed as the result
of the pebbles’ thermal expansion. In turn, the growing com-
pressive stress enhances heat transfer through the enlargement
of contact areas.
Based on the EU breeder unit design16 in Fig. 1(a), the
neutron heating profile for the ceramic breeder materials has
been calculated in17 for Li4SiO4. To demonstrate the feasibility
of using this numerical method, three power densities have been
selected, namely, 5, 7 and 8 MW/m3, corresponding to different
radial positions inside the breeder layer. The exact positions
are not given in this study, since only the heating power density
will be required from the blanket design.
II.B. Material Parameters and Boundary Conditions
The material properties of Li4SiO4 pebbles, compiled from
different sources, are listed in Table I. Those values have been
calculated only at a fixed temperature of 500 ◦C due to their
weak temperature dependencies within the targeted temperature
range. It would be straightforward to implement bulk material
properties varying with temperature in the future work.
The interstitial gas properties are listed in Table II. Note
that, relative to the bulk material, the thermal conductivity of the
gas phase is sensitive to temperature. In this study, temperature-
dependent gas conductivity has been implemented according to
the empirical equation provided by.21 The empirical equation
used in this study includes also pressure dependency, but the
influence of gas pressure variation from 100 to 1000 kPa is
negligible. A fixed purged gas pressure of 400 kPa is used in
our simulations. It is noted that from experimental observa-
tions a higher interstitial gas pressure can lead to better bed
conduction.10 This is mainly due to the heat conduction via the
gas phase in the regime of large Knudsen numbers (Kn = λ/L)
depends on both the dimensions of the gaps (L) and the mean
free path of the gas molecules (λ). In a granular media, the gap
size (L) can be linked to the size of pebbles. This effect is not
considered in this study, but it clearly will influence the effec-
tive conductivity of the beds, especially for beds with small
pebbles.
The height of the simulation cell is 22 mm (along the x-
axis, adopted from the EU blanket design shown in Fig. 1(a)),
and its width is 5 mm along the y-axis. The depth (the z-axis) is
varied to accommodate 5,000 pebbles at a given initial packing
factor, η, but the depth dimension is more than 5 times larger
than the mean diameter of pebbles. For y and z directions, peri-
odic boundary conditions are applied, while at the x direction
elastic wall conditions have been implemented with properties
TABLE I. Properties for Li4SiO4 at 500 ◦C and porosity 5%.
Property Symbol Value
Young’s modulus (GPa)22 E 92
Poisson’s ratio ν 0.24
thermal conductivity (W/mK)10 ks 2.743
heat capacity (J/kg K)23 cp 2025
thermal expansion coefficient23 α 2.28×10−5
density (kg/m3) ρ 2270
pebble size (mm)* d 0.25-0.65
pebble-pebble friction µ 0.2
pebble-wall friction µw 0.2
* pebble size distributions used in simulations include (1) mono-sized samples
with 0.4 ± 0.02 mm; (2) polydisperse samples of pebbles between 0.25 and
0.65 mm.
TABLE II. Interstitial gas properties and material properties of
the container wall, at 500 ◦C.
Property Symbol Value
purge gas (helium):
thermal conductivity (W/mK)21 kg 0.3
gas pressure (kPa) pg 400
wall (EUROFER24):
Young’s modulus (GPa) Ew 175
Poisson’s ratio νw 0.3
thermal conductivity (W/mK) kw 29.0
of EUROFER listed in Table II. The wall has a constant tem-
perature of 500 ◦C during the neutron heating stage. Prior to
the neutron heating, a uniform heating stage is performed to
raise the system temperature from 20 ◦C to 500 ◦C for all the
pebbles and walls simultaneously. Then, the neutron heating
stage starts with a constant heating profile Ψ∗.
Two kinds of size distributions have been considered inside
the simulation cells: (1) mono-sized samples with diameters of
0.4±0.02 mm; (2) polydisperse samples with diameters ranging
from 0.25 to 0.65 mm, with a normal distribution with respect
to pebble volume. Samples with various initial packing fac-
tors have been generated at 20 ◦C with a negligible level of
compressive stress, i.e., p = −σii/3 < 0.1 MPa.
To transfer the physical properties of materials listed in
Table I and Table II into DEM simulations, some simple scaling
laws have been applied to speed up the calculation. Three time
scales are considered here: (1) collision time, tc =
√
ρd2/E, de-
scribes the typical time for collision events between two elastic
pebbles, with elastic modulus of E, diameter of d and density
of ρ; (2) thermal diffusion time, tth = ρcpd2/ks, describes the
characteristic time to transfer the heat between pebbles, with
conductivity of ks and heat capacity of cp; and (3) heating
time, th = ρcp∆T/Ψ, provides an estimation for the time to
heat a pebble with a temperature increase of ∆T via a given
heating power density Ψ. In the current type of problems, the
collision time (tc) determines the time step required to achieve
meaningful solutions under the explicit scheme of DEM.
To achieve a larger time step in simulations, a combination
of scaled density, size and elastic modulus can be selected
by using the scaling laws. Here, the scaling principle is to
ensure the same ratio between the thermal time tth and heating
time th for both physical and simulation domains. Therefore,
in terms of thermal analysis, the time used in the simulation
corresponds to a unit of time in a physical system. Meanwhile,
the condition of tc  tth and tc  th ensures the preservation of
a mechanical quasi-static state during the heat transfer and heat
generation. More details can be found in.15 The conversion
between physical units and simulation units can be found in
Table III.
TABLE III. Unit system conversion between physical quantities
and simulation parameters.
Property Symbol Unit Simulation
Young’s modulus E 109 Pa 100
force F 10 N 1
pebble size d 10−3 m 1
conductivity ks, kg 1 W/mK 1 **
heat capacity cp 1000 J/kg K 1
density ρ 1000 kg/m3 1
heating profile Ψ 106 W/m3 1 **
temperature ∆T 1 ◦C 1
** calculated via the scaling law between physical system and simulations:
tth/tsimth = th/t
sim
h .
III. RESULTS
In our DEM simulations, samples with two kinds of size
distributions of pebbles are considered: (1) mono-sized beds
with an initial a packing factor ranging from 62.5% to 64.5%;
(2) polydisperse beds with packing factor from 63.5% to 66.0%.
After the initial uniform heating from 20 ◦C to 500 ◦C, three
different heating power densities, Ψ∗=5, 7, and 8 MW/m3,
are applied uniformly across the simulation cell until the cell
reaches the steady state. In such cases the variation of the power
density along radial direction has been ignored. This can be
justified since the ratio between the width and height of the
cell is sufficient small, and thus the temperature variation along
width is less significant compared with the variation along the
cell height. However, under this simplification, the compressive
stresses may be overestimated for regions having higher power
density due to the restriction of pebble movement along the
radial direction to the neighbouring regions having less thermal
stresses.
Fig. 2 shows typical evolutions of the average bed tem-
perature and hydrostatic pressure (p = −σii/3) over operation
time from the start-up of neutron heating. The steady states are
reached after a few hundred seconds after the start-up. Here,
only a mono-sized sample with packing factor η=63.5% is
shown. Other samples have similar behaviour but with differ-
ent magnitudes of bed temperature and pressure at the steady
state. Prior to the neutron heating stage, the uniform heating
from room temperature to 500 ◦C introduces a hydrostatic pres-
sure of 4.5 MPa inside the bed for this mono-sized sample
(η=63.5%), and the pressure develops to different levels at the
steady state, depending on the corresponding magnitude of the
neutron heating power density. In this analysis, plastic and
creep deformations of pebbles have not been considered. The
resulting thermal stresses can be reduced if inelastic behaviour
is taken into account at the microscopic scale.
Next, the bed temperature and hydrostatic pressure at the
steady state (here t=300 sec is selected) for different samples
are categorised based on their size distribution of pebbles and
plotted against the initial packing factor in Fig. 3. For the
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Fig. 2. Evolution of averaged bed temperature (left) and hydrostatic pressure (right) for different heating power densities as a
function of neutron heating duration. Sample: mono-sized, η=63.5%.
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Fig. 3. Thermal stress and average bed temperature, at the steady state, t=300 sec, Ψ∗= (a) 5 MW/m3, (b) 7 MW/m3, and (c) 8
MW/m3, as a function of packing factor for mono-sized (filled symbols) and polydisperse systems (empty circles).
same type of size distribution, samples with higher packing
factors result in lower bed temperatures but higher stress lev-
els, subjected to a given heating power density. Relative to
a mono-sized sample, a polydisperse sample having a similar
packing factor can have a lower stress level and a higher bed
temperature, under the same neutron heating profile. The stress
level can be connected to the forces acting on pebbles. Previous
studies provide some scaling laws relating to these two parame-
ters.12, 13 The correlations between resulting temperature, stress
and packing factor provides information for the selection of
materials and the design of components for various loading
conditions. For instance, the resulting stress state is highly
relevant for the determination of the quantitative requirements
for crush loads of pebble materials. The average and maximum
temperature can be estimated as a key parameter for blanket de-
sign and optimisation for tritium breeding and release. In these
cases, the grain-scale information provided by DEM proposed
here is of great value.
Fig. 4 shows the temperature distribution at the steady state
for different size distributions and initial packing factors. In Fig.
4, the volume averaged temperature profiles are shown with
respect to vertical position, across the ceramic pebble layer.
With the same initial packing factor, for example η=0.635 and
0.640, the polydisperse sample presents lower effective con-
ductivity and lower compressive stress level, and thus a higher
bed temperature, as compared to the corresponding mono-sized
sample, as shown also in Fig. 3(c). Some "hot spots" are ob-
served in the temperature distributions, and this may result from
two factors: (1) a pebble has almost no solid-to-solid contact
with its neighbouring pebbles, which leads to a high thermal
resistance for heat to be transferred to its surrounding pebbles;
(2) the heating power is calculated based on Ψ∗Vcelli , while for
some small pebbles in polydisperse samples, in particular in
Fig. 4(b), the volume occupied by the solid, Vpebblei , is compa-
rably small in relation to the total Voronoi volume Vcelli giving
rise to high heating power density in those pebbles. The second
factor for the occurrence of "hot spots" can be addressed if the
neutronics calculation can consider the heterogeneity within
the granular materials, and provide a better way to take into
account the transition between the average heating profile and
the actual heating power for individual pebbles. The maximum
temperature found inside the bed is around 650 ◦C, which is
lower compared with the finite element (FE) calculations,16
around 720 ◦C. The main reasons are: (1) the FE analyses have
not considered the effective thermal conductivity with strain
dependency which overestimated the maximum temperature;
(2) DEM simulations have a pre-heating stage, which results in
a hydrostatic pressure of a few MPa and thus a higher bed con-
ductivity even before the neutron heating; and (3) ignoring the
region of a large Knudsen Number may result in overestimation
of the effective conductivity of the bed. In general, mono-sized
and polydisperse samples have different temperature profiles
along the vertical direction, depending on the initial packing
factor. For polydisperse samples, temperatures near the wall re-
gions are more sensitive to the initial packing factor. Under the
same hydrostatic stress level and heating profile, mono-sized
(================== Figure 4 for the online version ==================)
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Fig. 4. Predicted temperature profiles at the steady state (t=300 sec,  ⇤=8 MW/m3): (a) mono-sized samples, (b) polydisperse
samples, with di↵erent initial packing factors. Pebbles are coloured by their corresponding temperature. In the last column, the
volume averaged temperature profiles for each of those samples are plotted against the vertical distance (the walls are located at
0 and 22 mm).
Fig. 4. Predicted temperature profiles at the steady state (t=300 sec, Ψ∗=8 MW/m3): (a) mono-sized samples, (b) polydisperse
samples, with different initial packing factors. Pebbles are coloured by their corresponding temperature. In the last column, the
volume averaged temperature profiles for each of those samples are plotted against the vertical distance (the walls are located at
0 and 22 mm).
samples have larger temperature gradients, indicating that the
bed has a lower effective thermal conductivity, relative to the
polydisperse pebble beds.
IV. CONCLUSION
In this study, a thermal discrete element method (Thermal-
DEM) has been developed for ceramic breeder materials under
neutron irradiation, which includes volumetric heating, thermo-
mechanical coupling, and inter-granular thermal conduction.
The analysis of ceramic breeder materials subjected to neutron
heating under ITER-relevant conditions has demonstrated that
the resulting stress state and temperature distribution depend
on the type of pebble size distribution of the pebbles and their
initial packing factor. At the same heating profile and packing
factor, as compared to a mono-sized bed, a polydisperse bed
can reduce the stress level, which lowers the risk of crushing
pebbles in the bed, but it results in a higher bed temperature.
Moreover, this study provides a numerical method to estimate
thermo-mechanical responses of beds with various packing
factors and pebble size distributions, which can be used as an
optimisation tool for the design of solid breeder units.
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